INTRODUCTION
"Unless all existence is a medium of revelation, no particular revelation is possible."
William Temple Computer-aided sequence analysis has become an essential molecular biological tool for the estimation of the structures, functions, and evolutionary relationships of proteins. As DNA sequencing technology becomes perfected and the number of available gene-derived protein sequences increases, the utility of computer-aided approaches expands exponentially with the amount of data available. Sequence analyses can provide guides for experimentalists, leading them to the most direct and fruitful empirical approaches. Hundreds of competent scientists are currently devoting full-time efforts to the analyses MICROBIOL. REV. nity. I make no attempt to be exhaustive and freely select examples from our own published work. Because of the tremendous number of relevant publications, secondary rather than earlier primary references are frequently cited when appropriate. I hope that this review will help to reveal the incredible potential of computer-aided approaches so that an ever-increasing number of molecular biologists will come to utilize them.
PRINCIPLES AND TECHNIQUES OF COMPUTER-
AIDED PROTEIN ANALYSES The principles underlying the study of protein evolution and many of the computer-aided methods for quantifying the relatedness of any two proteins have been described in detail by Doolittle (40, 41, 43) . A primary goal of the protein evolutionist is to reconstruct past events leading to the structures of current proteins, from which the relationships of present-day proteins that share a common ancestry can be defined (245, 248) . A single sequence can evolve into different sequences either by speciation and divergence (such genes are called orthologous) or by gene duplication within a single organism followed by divergence (such genes are called paralogous). The latter event can give rise to proteins of different function or to isoforms of proteins having the same function. Because the rates of change of many proteins are very low, ancient events can be inferred by examining protein families.
The sequence of a slowly evolving prokaryotic enzyme may, for example, exhibit as much as 40 to 50% identity with the corresponding enzyme from a eukaryote, even though eukaryotes diverged from prokaryotes over 1.5 billion years ago! High degrees of sequence similarity found in evolutionarily distant organisms, or low degrees of sequence similarity found in closely related organisms, may be due to horizontal transmission of genetic information (65, 144) , even between prokaryotes and eukaryotes (71) , and this information can probably be passed between these two kingdoms in both directions (see reference 15 and discussion therein). Homologous genes in a single organism that are acquired laterally (horizontally) are said to be xenologous. It is important to realize that different proteins evolve at very different rates and that different degrees of sequence similarity observed for two proteins will in general reflect both the time and the rate of divergence of their two structural genes (35, 101, 122) .
The first task in defining the ancestry of a group of proteins is always to identify all sequenced members of a particular family by screening available data bases. Families or clusters of closely related proteins are first identified and then interrelated if possible. Signature sequences of established families can be used to identify newly sequenced members of these families (9) . When several families of proteins are shown to share a common ancestry, we say that they make up a superfamily. Since they share a common origin, the members of a superfamily are said to be homologous. Proteins are either homologous or not homologous; there are no degrees of homology, although there are ranges of similarity or identity (40) .
A binary comparison score [expressed in standard deviations (SDs)] can be calculated from the comparison of two amino acid sequences by using any of several programs (ALIGN [34] , Los Alamos [81] , and RDF2 [135] ). The degree of similarity between the two sequences is compared with a large number of random shuffles of these two sequences (thus eliminating discrepancies due to unusual amino acid compositions) to establish significance. When two sequences give a comparison score of 3 SDs or less, there is little or no evidence for homology. However, if they give a comparison score of 6 SDs, the probability (P) that the degree of similarity exhibited by these two sequences arose by chance is about 10-'. This suggests that such sequences probably arose from a common ancestor by divergent evolution, but this degree of sequence similarity could conceivably have arisen by a convergent evolutionary process, particularly if the sequences compared are short. Thus, homology is not established. On the other hand, when a comparison score is high, i.e., :9 SDs (P s [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , the degree of similarity is considered to be too great to have arisen either by chance or by a convergent evolutionary process, so the two sequences are considered to be homologous (40) . Methods for assessing the statistical significance and reliability of particular molecular sequence features have been presented (see, for example, references 4, 39, 56, and 84). It should be noted that the term "convergence" has been used loosely by different investigators to refer to the independent evolution of a similar sequence (sequence convergence), a similar specificity or catalytic function (functional convergence), or a similar topology or structural scaffold (structural convergence) (16) .
Several questions can be asked to further substantiate the conclusion of common descent. (i) Do the two proteins (or protein domains) share a common function? (ii) Are the sequences compared derived from comparable portions of the proteins or protein domains? (iii) Are the two proteins or protein domains of about the same lengths? (iv) Do they have similar topologies or three-dimensional structures? If the answers to these questions are yes, one gains additional confidence in the conclusions derived solely from the computer-based statistical analyses described above. Simultaneous convergence of sequence, structure, and function is considered to be an exceptionally improbable evolutionary event.
Once homology has been established for a group of proteins or protein domains, the sequences are optimally aligned, yielding a single multiple alignment. Relative evolutionary distances and phylogenetic positions can be determined by using available computer programs. Results obtained with two distinct programs, based on different assumptions, i.e., the TREE and PAPA programs (44, 57) , can be used to evaluate the reliability of the results obtained for any one program (215, 222) . The construction of phylogenetic trees allows one to see the relatedness of members of a group of homologous proteins at a glance.
Other programs are available for (i) plotting average degrees of similarity as a function of residue position for a set of homologous proteins; (ii) locating signature sequences or motifs that are common to all members of a particular family but absent from other proteins; (iii) deriving primordial (ancestral) sequences from current sequences; (iv) predicting membrane protein topologies; (v) averaging hydropathy and amphipathicity plots; (vi) detecting internal duplications, deletions, and insertions within coevolving proteins; (vii) estimating regions of relative flexibility; (viii) estimating the probability that a sequence will exhibit a particular secondary structural feature (i.e., a-helix, p-strand, or p-turn), (ix) averaging secondary-structure and flexibility predictions for a group of homologous proteins, thereby increasing reliability; and (x) averaging comparison scores, similarity scores, or percent identities for estimation of relative degrees of evolutionary divergence for coevolving homologous proteins or protein domains or for approximating the relative ages of independently evolving protein families. The reader is referred to volume 183 of Methods in Enzymology for detailed consideration of specific computer programs concerned with the analysis of protein and nucleic acid sequences (42) . 
FAMILIES AND SUPERFAMILIES OF TRANSPORT PROTEINS
The major families of transport proteins and the abbreviations used in this review for these families are listed in Table 1 , which also indicates the approximate sizes of these families, some of their properties, the known occurrence of members of these families in the prokaryotic and eukaryotic kingdoms, and the availability of published sequence and phylogenetic information (168) (169) (170) .
Outer membrane bacterial porin proteins, which transport many solutes nonselectively, have a structurally related counterpart in the anion channels of the outer mitochondrial membranes of eukaryotes (13, 14, 79, 125 (6, 68, 187, 216) . These multisubunit protein complexes have prokaryotic counterparts, which, although usually less complex, can be shown to be homologous. Only in certain instances are their phylogenetic relationships well defined (55, 235) . These proteins will not be considered further. (80, 98, 99, 146, 162, 173, 176, 178, 179, 182) . All of the proteins within this superfamily catalyze sugar transport, presumably by a single mechanism. Clustering patterns consistently correlate with sugar specificity, even though the sequenced proteins may be derived from a variety of evolutionarily divergent organisms. Thus, all sequenced permeases specific for sucrose (an ot-glucoside), trehalose (another a-glucoside), and aromatic 3-glucosides form a cluster; all sequenced glucose and N-acetylglucosamine permeases make up a second cluster; the fructose and mannitol permeases form a third major branch of the phylogenetic tree; and the lactose (a f-galactoside) and cellobiose (a 3-glucoside) permeases cluster together, forming the fourth of the four major PTS sugar permease clusters (Fig. 1A) (91a, 146, 157, 178, 206) . Moreover, within each cluster, the permeases specific for a particular sugar (i.e., fructose) are, in general, closer to each other than to those specific for another sugar (i.e., mannitol).
Interestingly, a second, minor family of PTS permeases was identified that could not be shown to be evolutionarily related to the major family. This family consists of three sequenced Enzyme II complexes, each phosphorylated by phospho-HPr and specific for a set of related sugars. One such permease in Escherichia coli exhibits specificity for aldo-and ketohexoses of the gluco-, manno-, and fructo-configurations with little specificity for the hydroxyl groups or carbonyl functions at carbons 1 and 2 (48, 49, 159 in Klebsiella pneumoniae, is specific for sorbose, a fructose analog, but fructose is also transported by this system (97a). These three multisubunit protein complexes, which are closely related in sequence, all transport fructose and therefore exhibit overlapping sugar specificities.
Two other PTS Enzyme II complexes in E. coli, those specific for glucitol (250) and galactitol (97a), show domain sizes similar to those of members of the major family of PTS permeases. However, they lack sufficient sequence similarity to the latter proteins or to each other to allow postulation of a common evolutionary origin (97a, 250-252) . These observations suggest that the PTS transport proteins, referred to as the Enzymes IIC (see below), may be members of a very ancient family with relatedness to other ancient families such as the major facilitator superfamily (152, 246, 247) .
Energy-coupling proteins of the PTS. The PTS permeases discussed above are energized by a protein phosphorylation mechanism involving a phosphorelay (138 (5, 74, 134, 172, 201) . Among the wellcharacterized periplasmic solute-binding protein-dependent permeases are those specific for maltose, galactose, histidine, and oligopeptides (208) . The periplasmic receptors which act in conjunction with the ABC-type solute uptake permeases make up several families of demonstrably homologous proteins. The proteins within each family bind solutes that are usually but not always related in structure. Four examples will be provided ( Fig. 2) (208) . The family of receptors which includes the sequenced maltose (family 1)-binding proteins also includes members that are specific for multiple sugars, glycerol-3-phosphate, and iron ( Fig. 2A) . In this case, the receptor specificities are diverse. The family of receptors which includes the galactose-binding protein (family 2) includes homologous proteins which bind ribose, arabinose, and multiple sugars (Fig. 2B) . The latter family includes several cytoplasmic repressor proteins, most but not all of which bind sugars (123, 223, 240) . The histidine receptor, a member of family 3, is homologous to other bacterial receptors specific for glutamine, basic amino acids, and two derivatives of basic amino acids, octopine and nopaline (Fig. 2C) . This family includes a single sequenced catalytic protein, cyclohexadienyl dehydratase of Pseudomonas aeruginosa (209) , and the ligandbinding domains of two groups of eukaryotic glutamate receptors of nerve cells (120, 130) . All of these proteins bind polar amino acids, and thus their binding specificities are similar. Finally, the fourth receptor family to be considered includes a coherent group of binding proteins specific for various di-and oligopeptides (Fig. 2D) . Surprisingly, this family includes an exceptional member which is specific for nickel (121, 208 ered members of this family are (i) a virulence factor in Salmonella typhimurium (Fig. 2D) (134a, 208) and (ii) peptide sex pheromone receptors encoded on conjugative plasmids pADi and pCF1D of Enterococcus faecalis (31, 165, 211) .
On the basis of three-dimensional structural analyses (82, 129, 141, 192, 200, 234) , it is probable that all or most of the various families of extracytoplasmic bacterial receptor proteins share a common evolutionary origin. Evolutionary divergence therefore correlates to a remarkable degree with binding specificity for a restricted group of sugars, amino acids, peptides, or anions. The only clear exceptions to this generalization are the a-glycerol phosphate-and the iron-binding proteins of family 1 ( Fig. 2A) and the nickel-binding protein of family 4 (Fig. 2D) . The relationship of the metal-binding sites to the sugar-or peptide-binding site is not clear, particularly since the galactose-binding protein is known to possess a metal-binding site distant from the sugar-binding site (233) . The Ca2+-binding site in the galactose receptor is apparently of little functional significance because Ca + binding yields only local structural changes in the protein and does not appreciably influence sugar binding. Sugar binding, on the other hand, induces global conformational changes that activate the protein for interaction with the transport and chemoreception apparatuses in the membrane (105, 106) . Similar global conformational changes presumably occur when the iron-and nickel-binding proteins bind their ligands, thereby initiating transport of these metallic ions.
ABC-type export permeases. ABC-type export permeases of bacteria and eukaryotes (5, 52, 74) lack the extracytoplasmic receptors considered above, but they each possess one or two. integral membrane "channel" proteins as well as one or two cytoplasmic ATP-binding proteins (or domains) which hydrolyze ATP to energize transport. Among the substrates which are exported from the bacterial cytoplasm to the extracellular medium via these systems are proteins, peptides, capsular polysaccharides, modified oligosaccharides, and drugs (52, 153) . The integral membrane constituents of the ABC-type carbohydrate and drug exporters are closely related to each other but not to those that export proteins and peptides or those that catalyze solute import (153, 224) . Thus, as for the binding-protein constituents of the uptake systems, the degree of sequence similarity of the integral membrane proteins predictably correlates with function and specificity.
Phylogenetic analyses of the highly conserved ABC domains of numerous bacterial ABC-type exporters have recently been presented (52, 153) . Results of the analyses of these energycoupling domains proved to contrast with those of the integral membrane transport constituents noted above. The phylogenetic relatedness of the ABC domains correlates only secondarily with the substrate specificities of the transporters. Their (52) . On the basis of sequence similarities of the ABC domains as well as domain association states, the bacterial exporters fall into both categories. Bacterial export permeases of phylogenetic group A are generally specific for peptides and proteins, whereas those of phylogenetic group B transport capsular polysaccharides, oligosaccharides, and drugs (52, 153) . These observations reveal a general, but not absolute, correlation of phylogenetic grouping with substrate specificity. It seems surprising that domain association has proven to be a strongly conserved characteristic since other types of domain shuffling have occurred repeatedly during the evolution of these and certain other classes of multidomain permeases (see below).
However, it appears that the ABC domains did not always evolve in parallel with the integral membrane constituents of these permeases (74, 153) .
Solute uniporters, symporters, and antiporters. Numerous transport proteins function to accumulate or extrude specific solutes by using a chemiosmotic form of energy (94) . In these cases a solute is obligatorily cotransported (symported) with a charged species or countertransported (antiported) against a different but structurally related compound. The latter species flows down its electrochemical gradient in an energetically favorable process, thereby driving the second solute against a concentration gradient in an energetically unfavorable process. Symporters and antiporters are homologous to uniporters which catalyze simple facilitation of their solutes without energy expenditure or accumulation of the solute against a concentration gradient (73, 108) . This fact suggests that the processes of uniport, antiport, and symport are very similar from a mechanistic standpoint. We refer to all such transport proteins as facilitators.
The largest group of facilitators yet to be characterized currently has over 70 sequenced members and is referred to as the MFS (Table 1) (64, 109) . Six families make up this superfamily, each only distantly related to the others (see Fig.  3A for the phylogenetic relationships of five of these families). Members of the first family are specific for drugs, and all such transport systems catalyze efflux of toxic substances. These porters, of bacterial or lower eukaryotic origins, are specific for quinolone, tetracycline, antiseptics, methylenomycin A, aminotriazole, chloramphenicol, and multiple drugs. The drugs may be co-or countertransported with or against various monovalent or divalent ions. The second family is ubiquitous and includes members that exhibit specificities toward sugars or organic anions such as glucose, galactose, arabinose, lactose, xylose, maltose, and quinate. These porters may function by uniport, proton symport, and/or solute:solute antiport. The remaining four families of the MFS function with a distinct class of compounds. Family 3 acts on Krebs cycle intermediates (citrate and ao-ketoglutarate) and uses proton symport to accumulate the solute. Family 4 acts upon phosphorylated compounds (phosphoglycerates, hexose phosphates, and glycerol-3-phosphate) and uses phosphate antiport as the mechanism to effect accumulation of the organic phosphate ester. Family 5 is specific for oligosaccharides (raffinose, lactose, and sucrose) and uses proton symport to accumulate the solute. Uniporters, Symporters, and Antiporters) are shown. These exhibit specificity for drugs (family 1), simple sugars and quinate (family 2), Krebs cycle intermediates (ao-ketoglutarate and citrate) (family 3), phosphorylated organic esters (family 4), and oligosaccharides (raffinose, sucrose, and lactose) (family 5). Reproduced from reference 109 with permission of the publisher. Abbreviations and methods are presented in reference 109. (B) Proposed pathway for the evolution of genes encoding members of ubiquitous facilitator families such as the MFS, the APC family, and the SSF. It is possible that all three of these families share a common 6 + 6 (12)-spanner-encoding primordial gene, but this possibility cannot currently be established from sequence comparison data. It is possible (but not proven) that this primordial 12-spanner-encoding gene arose over 3.5 billion years ago by tandem duplication of a 6-spanner-encoding gene. The degrees of sequence similarity between the presumed repeat units in these permeases are insufficient to establish homology (64, 109) .
Finally, family 6, not included in the phylogenetic tree shown in Fig. 3 , includes a Pi porter of mammals that utilizes Na+ symport to accumulate its substrate (94) . It is therefore apparent that within this family of transport proteins, solute specificity and transport mode correlate well with phylogenetic grouping.
A distinct family of facilitators accumulates amino acids, polyamines, or choline (the APC family) (see reference 147 and references therein), utilizing either a proton symport mechanism, a solute:solute antiport mechanism, or both, depending on physiological conditions and the carrier under consideration. The proteins of this family resemble MFS porters in possessing two structural units, each consisting of six putative transmembrane ox-helices and connected by a cytoplasmic loop. This structural feature is shared by facilitators that catalyze solute:Na+ rather than solute:H+ symport. With just one exception, the mammalian sodium:Pi symporter noted above, these proteins fall into several distinct and independent families (156) . One of these families, the ubiquitous SSF (152, 156) , is very diverse with respect to the solutes transported. These solutes include hexoses such as glucose and fructose in mammals, proline in bacteria, various neutral amino acids in mammals, pantothenate (a vitamin) in bacteria, adenosine (a nucleoside) in mammals, and myoinositol (a cyclic polyol) in mammals. Another such family, the SNF, transports neurotransmitters, small hormones, and osmolites, together with Na+, and is found only in eukaryotes (30, 94, 219 ATPases specific for Ca2", Na+, and H+ may prove to cluster with these eukaryotic proteins (69, 70, 90, 93) . However, the Na+-transporting ATPase of the gram-positive eubacterium, Enterococcus hirae, has recently been shown to be of the V type (207) . The fourth cluster of P-type ATPases (Fig. 4 , lower right) is diverse in its cation specificities and direction of transport. These porters are largely prokaryotic. One prokaryotic member of this group can pump K+ into E. coli cells. Two others catalyze Cu + uptake and extrusion, respectively, in Enterococcus hirae, and a fourth catalyzes Cd2+ efflux in Staphylococcus aureus (50, 127) . The one known eukaryotic member of this cluster, the Cu2+ efflux ATPase of humans, is apparently defective in Menkes disease (232) . The human and the two bacterial cupric ion-transporting ATPases are more closely related to each other than they are to the other members of this subfamily, which exhibit differing cation specificities (unpublished results). Thus, whereas cluster 4 proteins are diverse in specificity, they also are widely divergent in sequence. As more of these proteins are diverse in specificity, they also are widely divergent in sequence. As more of these proteins are sequenced, a clearer correlation of sequence relatedness with cation specificity is likely to emerge. The four subfamilies of P-type ATPases presumably represent variations on a single mechanistic theme with different sets of related properties and cation specificities.
Use of Sequence Comparisons To Identify Conserved Regions of Presumed Structural or Functional Significance
Numerous studies have shown that the degree of conservation of a particular region or a specific residue in a family of homologous proteins correlates with its functional or structural importance. Conserved glycyl, prolyl, and hydrophobic residues usually have structural significance whereas hydrophilic or charged residues more often have catalytic significance. Examples of these principles have been noted for the P-type ATPases (50) , in which regions of catalytic significance (i.e., the ATP-binding site, the aspartyl phosphorylation site) are very strongly conserved (see the next section). In the Enzymes I, the HPr proteins, and the Enzyme II complexes of the bacterial PTS, the most highly conserved regions surround the active site histidinyl and cysteinyl residues which become phosphorylated (112, 146, 148) . Similarly, in ABC-type permease systems, the ATP-binding proteins are more highly conserved than are the integral membrane proteins or the periplasmic solute-binding receptors, and the sequences which make up the ATP-binding sites are more strongly conserved than other regions of the former proteins (74, 153, 164, 208 (32, 241) , and a structure consisting largely of several parallel membrane-spanning a-helices (spanners), established for the photosynthetic reaction centers localized to the inner membranes of gram-negative photosynthetic bacteria (38, 131) , as well as for bacteriorhodopsin found in halophilic archaebacteria (128) . A "hybrid" structure consisting of both a-helical and 1-strand transmembrane elements has been proposed for the acetylcholine receptor (220) Heijne (197) have further enhanced the reliability of these methods by superimposing the "positive inside" rule onto traditional hydropathy analyses. This rule states that strongly basic residues (arginine and lysine) occur with much higher frequency in cytoplasmic protein loops connecting transmembrane spanners than in extracellular loops. Although application of this method to selected bacterial and eukaryotic membrane proteins, including several members of the MFS, was shown to correctly predict their topologies, relatively poor predictive capacity was observed for PTS and MIP family permeases, in which the number of spanners was overestimated, as well as for MCF proteins, in which the number of spanners was underestimated (213a). In the MCF proteins, underestimation was due to the hydrophilic nature of some of the transmembrane spanners.
Examination of several families of transport proteins has revealed that, in general, transmembrane helices are more strongly conserved than loop regions joining these spanners and that these loops are frequently of variable length, suggesting that insertional and deletional mutations were permissively introduced during evolution. Such events suggest either a relative lack of importance for structure or function or a specialization of function for the different protein members of the family. Very clear examples of this type of behavior are provided by the proteins of the mitochondrial carrier family (95) . All six putative transmembrane helices are strongly conserved with few gaps in the multiple alignment, and these spanners can be clearly defined by virtue of the sequence similarities observed for the three internal, two-spanner repeats (see below). Almost all gaps in the aligned sequences VOL. 58, 1994 on November 2, 2017 by guest http://mmbr.asm.org/ Downloaded from MICROBIOL. REV. occur between these spanners. The MIP family of channel proteins presents a similar picture. The six putative spanners are highly conserved, whereas poor conservation and numerous gaps are observed for the loop regions connecting these spanners (155) .
Strongly hydrophobic stretches of 18 or more residues do not always indicate the presence of a transmembrane helical segment. Thus, the exopolyphosphatase and the guanosine pentaphosphatase of E. coli, two strikingly similar proteins, both possess hydrophobic regions, 18 amino acyl residues long, which are located about 270 residues from the N termini of these proteins (150) . By (19, 20, 36) . It has been suggested that the lipid environment stabilizes a folded structure in which prolines in transmembrane helices introduce slight changes in direction or "kinks" in the helix axis without disrupting the helix as a whole (37, 254) .
In both bacteriorhodopsin of Halobacterium halobium (116) and the lactose permease of E. coli (160) , systematic replacement of prolines and other structural residues in the transmembrane helices has been achieved. In most cases, complete loss of transport function does not result from any one substitution, although reduced activity is frequently observed. Moreover, in the ion channel-forming peptide, pardaxin, replacement of the putative transmembrane proline at position 13 with L-alanine or D-proline impaired channel conductivity and blocked voltage activation (139, 195) . It therefore appears that conserved transmembrane residues in functionally active integral membrane proteins determine the detailed topology of the helix and its orientation to other helices in the protein.
Helix distortion presumably allows for optimal function of the protein, possibly by allowing for movement of the protein helices in the membrane and hence of the substrate across the membrane.
Examination of strongly conserved residues in the mitochondrial carriers proves interesting in this regard. The three odd-numbered spanners were found to be more hydrophobic than the three even-numbered spanners, and the former contained strongly conserved glycyl and prolyl residues, presumably allowing flexibility or helix deformation or both (95) . Each of the even-numbered spanners was preceded by a conserved glycyl residue, which can effectively participate in a ,-turn (167), and positions were found in the homologous transmembrane helices which showed conservation of hydrophilicity. Five of the six helices were followed by the largely conserved sequence, (D/E)-Hy(K/R) (-represents any residue, Hy represents hydrophobic, D and E are acidic, and K and R are basic) (92, 95) . On the basis of the relative degrees of conservation and the nature of the residues conserved, it was possible to predict that residues in the odd-numbered helices are more important for flexibility and structural maintenance of the channels whereas residues in the even-numbered helices may line the aqueous pores and provide specificity.
Delimitation of Protein Domains Based on Interdomain
Linker Flexibility
The study of protein structure in essence boils down to the study of the constituent domain structures and their interactions (28, 29 172, 181 , and 208 for reviews).
Amphipathic sequences in any region of a protein consisting of ,B-strands or helices of any dimension can be identified by using appropriate computer programs (7, 47, 143) . On the basis of computer analyses of almost 2,000 proteins, it was suggested that N-terminal, amphipathic, a-helical sequences function primarily in macromolecular recognition (174) . Nterminal, amphipathic leaders of PTS permeases, having strongly polar residues on one side of an a-helix and strongly nonpolar residues on the other side, have been shown to play a role in the insertion of these proteins into the membrane. Further, they can initiate secretion of alkaline phosphatase into the periplasm when these leaders replace the natural hydrophobic leader of alkaline phosphatase (253) . Like mitochondrial targeting sequences, they exhibit a high proportion of hydrophobic and basic residues but a low proportion of helix breakers (proline, glycine, and cysteine). Unlike mitochondrial targeting sequences, they show an increased proportion of acidic residues but a decreased proportion of hydroxy residues. Further, although the proportions of hydrophobic and basic residues are elevated in both the prokaryotic and eukaryotic leaders, they differ in content. Isoleucine and lysine predominate in bacterial leaders whereas leucine and arginine predominate in mitochondrial targeting sequences (181) . Although these differences are not understood from a functional standpoint, they clearly must reflect specific structural or functional requirements of the two systems.
Specific mutations in the amphipathic leader of one of the PTS permeases, the mannitol Enzyme II, were found to block insertion of the protein into the membrane. Moreover, when the same mutations were introduced into exported mtL4-phoA fusion proteins, export was blocked (253) . Recently it has been found that peptides corresponding in sequence to the natural PTS permease leaders readily incorporate into planar phospholipid bilayers with a preferential alignment of the a-helix long axis parallel to the membrane surface (210) . When the sequence of the mannitol leader peptide was changed to correspond to those of the nonfunctional mutant leaders, the peptides retained their helical character in aqueous solution but became disordered in lipid bilayers. Further, these peptides showed an enhanced ability to disorder the lipid molecules within the bilayer (210) . It therefore seems that helical association of the peptide with the lipid bilayer may be a prerequisite to proper association with the secretory machinery.
RECONSTRUCTING PATHWAYS OF TRANSPORT PROTEIN EVOLUTION
With the sequences of literally hundreds of transport proteins now available, it has become possible to delineate the major families of transport proteins, to define their structural similarities and differences, and to gain some evidence regarding the times, places, and pathways of their evolution. The available evidence suggests that several families of transport proteins evolved independently of each other, although others, distantly related by descent, together make up large superfamilies. In other cases, indirect evidence suggests that certain families of transport systems exhibit the characteristic of homology, although this cannot be established from sequence analyses alone owing to large degrees of sequence divergence. Finally, many transport proteins for which sequence data are available do not fall into any of the well-defined transporter families. Some of these may represent patriarchs of new families that are yet to be recognized, but others share a sufficient number of characteristics with members of established families to suggest a common origin. Three-dimensional analyses will ultimately be required to help define the evolutionary relationships of some of these distantly related proteins. The categorization of transport proteins into their various families, the establishment of superfamilies, and reconstruction of the pathways that led to their appearance are the primary topics of this section.
Identifying Genetic Rearrangements during Evolution Some transport protein families have evolved with the apparent lack of genetic rearrangements, so that members of the family exhibit continuous sequence similarity from their N termini to their C termini. An apparent lack of gene splicing, fusion, and transposition during the evolution of the MFS (109), the SSF (156), and the APC family (147) has been noted.
Other, more recently appearing families, the MCF and the MIP family, include members which similarly have not undergone obvious genetic rearrangements during their evolution.
Multiple domains are found within the PTS-and ABC-type permeases, and, in contrast to the facilitators mentioned above, these permease systems have undergone extensive intragenic splicing, fusion, duplication, deletion, and shuffling during their evolution (5, 52, 74, 146, 178, 247 (192, 223, 240 (75) . There are the ionotropic (ion-conducting, channel-type) receptors and the metabotropic (G-protein-coupled) receptors (120, 130) . In addition to the transmembrane channel and GTP-binding protein-interacting domains, both classes of these proteins possess putative, glutamate-binding domains localized to the external surface of the cell. The glutamate-binding domains are homologous to the bacterial polar amino acid-binding receptors, although the integral membrane constituents of the neurotransmitter receptors are dissimilar in sequence and structure to the transmembrane domains of ABC-type transporters (120, 130) . It seems highly likely that gene fusion during evolution was responsible for the appearance of homologous solute-binding domains within these two dissimilar types of neurotransmitter receptors. Extensive evidence now suggests that several families of transport proteins that are constructed from similar structural units of six semiparallel transmembrane spanners nevertheless arose independently of each other at different times in evolutionary history. The ABC superfamily and the major facilitator superfamily probably arose first, over 3.5 billion years ago; the MIP family possibly arose second, about 2.5 billion years ago; the RND family arose in its present form soon thereafter (possibly about 2.0 billion years ago) by a distinct route; the MCF arose next, most probably about 1.5 billion years ago, after the advent of eukaryotes; and the current forms of voltage-sensitive Na+ and Ca2+ channels probably arose most recently, maybe even less than 1 billion years ago, even though primitive ion channels of related sequence clearly existed before this time. All of these transport protein families arose by distinguishable tandem intragenic duplication events that led to superficially similar structural units. Below, these transport protein families will be discussed in the order in which they were presumed to have appeared.
MFS, ABC-type permeases, and arsenical resistance pumps. Carrier-type transport systems that allow the transmembrane passage of solutes by facilitation (uniport), countertransport (antiport), or ion cotransport (symport) are believed to function by similar mechanisms (166) . This belief is supported by recent sequence analyses which have shown that sugar facilitators of eukaryotes are homologous to symporters and antiporters of bacteria (64, 73, 108, 109 , but see reference 58). In fact, this large superfamily of proteins extends from enteric bacteria and cyanobacteria to the lower eukaryotes such as yeasts, algae, and protozoans and on up to higher plants and animals including humans. These facilitators are specific for simple sugars, oligosaccharides, organic acids, organophosphate esters, and drugs (Fig. 3A) (109) . They consist of protein subunits each consisting of two units of six transmembrane helical segments separated by a cytoplasmically localized loop of variable length (Table 2) . These 12 (6 + 6) spanner proteins may have been derived from a common ancestral protein of half this size, although this possibility cannot be established from sequence comparisons (Fig. 3B ) (see references 3, 64, and 193) for discussions of these possibilities and references thereto). This family of transmembrane solute facilitators, the MFS, is a very old family which evidently arose in prokaryotes and probably dates back more than 3.5 billion years (64, 109) .
ABC-type permeases possess integral membrane subunits which can either be homodimeric or heterodimeric, in which instances each subunit contains six transmembrane spanners, or it can be "pseudodimeric," in which case a single polypeptide chain forms two units of six spanners with a central, cytoplasmic loop connecting them (52, 74, 88, 153) . The last-mentioned "pseudodimeric" integral membrane proteins superficially resemble facilitators of the MFS, but an evolutionary connection has not been established. Since at least some MFS permeases can be cleaved in the central loop without loss of activity (160) , a striking structural parallel between the MFS proteins and the ABC-type family of permeases can be drawn.
Relevant to this fact are recent developments concerning the arsenical resistance (A-type) ATPases encoded by various bacterial plasmids (163, 196) . These efflux pumps render bacteria resistant to arsenite, antimonite, and tellurite (85, 86, 218) . The topology of the integral membrane ArsB protein of E. coli resembles that of the iron-hydroxamate ABC-type permease of E. coli and the MFS permeases in having 12 spanners (244) . Insufficient sequence similarity is observed, however, to allow the postulation of homology. A second dimeric subunit of theE. coli arsenical resistance pump, ArsA, serves as the ATP-binding constituent of the permease which couples ATP hydrolysis to oxyanion efflux (85) (86) (87) . This subunit superficially resembles the ABC domains of ABC-type permeases, although a degree of sequence similarity sufficient to establish homology is not observed.
In two sequenced ars operons present on staphylococcal plasmids, arsB genes which encode proteins that exhibit 58% identity to the E. coli ArsB protein are found. Surprisingly, these two operons do not encode ArsA proteins, which normally provide the ATP-dependent energy-coupling function (196) . Recent analyses have suggested that efflux of arsenite via the staphylococcal ArsB-dependent, ArsA-independent transport system can be driven by the membrane potential (22, 164) . In this respect, the system resembles the MFS permeases. However, when the E. coli arsA gene is coexpressed in trans with the staphylococcal arsB gene, increased resistance to arsenite is observed relative to cells bearing only the arsB gene. This increased degree of resistance is apparently due to efficient ATP-driven arsenite efflux as observed for the E. coli arsenical resistance pump. The system thus functionally resembles a typical ABC-type export permease when ArsA is available but an MFS permease when ArsA is not present (52, 164) . These exciting results suggest a functional (and thus possibly an evolutionary) connection between the integral membrane constituents of the arsenical resistance pump, the structurally similar ABC-type ATP-driven permeases, and the MFS-type proton motive force-driven permeases.
MIP family. Sequence analyses have revealed a family of intrinsic membrane "channel" proteins from plants, animals, yeasts, and bacteria ( Fig. 5A) (10, 72, 132, 155) . These proteins include the MIP from the lens fiber cell of the mammalian eye, after which this family was named. Functional and structural aspects of these channel proteins have recently been summarized (46, 155) . Five of them possess recognized transport functions: (i) MIP probably transports salt, particularly Na+;
(ii) ChIP, the channel intrinsic protein of human erythrocytes and of kidney epithelia, transports water and is apparently the long-sought aqua channel of these cells and tissues; (iii) TIP, a group of tonoplast intrinsic proteins of plants, also serves as a water channel, the various isoforms being present in diverse plant tissues and organelles: (iv) NOD, nodulin-26 of soybeans, may transport dicarboxylates across the peribacteroid membrane in a process which allows communication between the host plant cell and symbiotic, nitrogen-fixing Rhizobium species; and (v) GLP, the glycerol facilitator of E. coli, Bacillus subtilis, Streptomyces coelicolor, and possibly Lactococcus lactis, allows nonspecific passive diffusion of glycerol and other straight-chain carbon compounds across the bacterial cytoplasmic membrane (72, 111, 113, 155, 221) . The invertebrate protein Big Brain (BIB) is an essential neurogenic protein in Drosophila melanogaster and apparently has a human analog (1), but its transport specificity has not been determined. The yeast protein FPS-1, which functions as a suppressor of a genetic growth deficit on fermentable sugars, is also not characterized biochemically. Most of these proteins are similar in size, have six putative membrane-spanning domains per subunit, and may be tetrameric (MIP) or dimeric (GLP) ( Table 2) (2, 198, 225, 226) .
Sequence comparisons surprisingly revealed that the putative six transmembrane helical segments in each of these proteins arose by intragenic duplication of a primordial gene encoding just three transmembrane helical segments ( The duplication event is estimated to have occurred about 2.5 billion years ago in prokaryotes. Vertical transmission to eukaryotes followed by duplication and divergence gave rise to most sequenced members of the family. Homology between repeat segments has been established for some of the proteins (155) . orientation in the membrane. On the basis of the degree of similarity of the two repeat units in these proteins, this duplication event, giving rise to the MIP precursor protein, is estimated to have occurred about 2.5 billion years ago in prokaryotes. The common prokaryotic MIP family precursor gene, which presumably encoded a glycerol facilitator, was then transmitted vertically to eukaryotes, in which it underwent extensive duplication and divergence so that the encoded proteins gained a diversity of functions, subcellular locations, and substrate specificities (46, 155) . Statistical analyses suggested that duplication and divergence of the primordial MIP family gene in eukaryotes to give the various eukaryotic proteins of differing specificities occurred long after the intragenic duplication event which gave rise to the glpF primordial gene in prokaryotes (155) . Gene duplication in the various eukaryotic kingdoms accounts for the grouping of proteins in Fig. 5A according (180) . They consist of a long N-terminal hydrophilic stretch of about 300 amino acyl residues; a hydrophobic stretch of about 200 residues, which, on the basis of hydropathy analyses, appears to contain four to six transmembrane spanners; and a repeat sequence of 500 residues with a hydrophilic 300-residue region again preceding a C-terminal hydrophobic region of four to six spanners. These proteins thus consist of about 1,000 residues forming alternating hydrophilic and hydrophobic regions.
Quantitative sequence comparisons of the first and second halves of these large proteins established the suggestion that they arose by a tandem intragenic duplication event (Fig. 6) (180). The first 500 residues thus share a common origin with the second 500 residues. Although the comparison score for the two halves of each of these proteins varies substantially depending on the protein examined, one of these proteins, the cobalt, zinc, cadmium resistance pump (CzcA protein) of A. eutrophus, exhibits a score of 14 Each of several members of the RND family of exporters functions in conjunction with a cytoplasmic membrane protein of about 400 amino acyl residues. The latter protein possesses an N-terminal membrane anchor but otherwise extends from the cytoplasmic membrane into the periplasm of the gramnegative bacterial cell, where it may interact with the outer membrane (190) . Homologous proteins function in conjunction with transporters of the MFS, which export drugs, as well as with transporters of the ABC family, which export proteins (54, 104) . All transporters which function with these proteins appear to catalyze efflux of fairly large substrates, substances that are too large to pass through the porin-type channels in the outer membratie (180) . As a result of these observations and the nature of conserved residues in these proteins, it has been proposed that they function to allow the transporters to export their substrates across both the inner and outer membranes rather than across just the inner membrane (180) . Possibly this family of homologous proteins functions to allow localized fusion of the inner and outer membranes, thereby creating a single rather than a double barrier to transport, just in the vicinity of the transport system. Alternatively, they may allow creation of a trans-outer membrane pore which is functionally connected to the inner membrane permease.
MCF. In mitochondria of eukaryotes, there exists a number of functionally distinct carriers which include an ATP-ADP exchanger, a phosphate porter, an ot-ketoglutarate-malate exchanger, a tricarboxylate carrier, and the uncoupling protein of mammalian brown adipose tissue. Sequence comparisons have shown that these porters, as well as six clusters of functionally uncharacterized (or poorly characterized) proteins on the MCF phylogenetic tree, are homologous (Fig. 7A) (83, 92, 95, 95a, 115, 127) . Each subunit of each such transport system apparently spans the membrane 6 times, and the dimeric forms of these proteins are presumed to be the structural and functional equivalents of the monomeric forms of carriers that span the membrane 12 times (Table 2) . Despite their superficial resemblance to other transport protein families, they nevertheless form a distinct evolutionarily unrelated family.
The MCF clearly arose by triplication of a small primordial gene that encoded a protein having only two transmembrane helical segments (Fig. 7B) (92, 95) , and this triplication event is believed to have occurred after the appearance of eukaryotes. It may have arisen specifically for eukaryotic organellar function because no member of this family has yet been identified in bacteria or in the cytoplasmic membranes of eukaryotes.
The degree of similarity between the three internal repeats in MCF proteins is much greater than that between the two three-spanner internal repeats in the MIP family proteins or the very distantly related six-spanner presumed internal repeats in the MFS proteins. This fact suggests that this triplication event occurred relatively recently in evolutionary time, possibly about 1.5 billion years ago, after the development of the eukaryotic cell. The fact that members of the MCF have been found only in eukaryotic organelles but are exclusively nucleus encoded further substantiates this possibility. Statistical analyses suggest either that duplication and divergence of the six-spanner-encoding primordial gene occurred shortly after the triplication event which gave rise to the primordial gene or that this triplication event occurred more than once from the same primordial two-spanner-encoding gene at about the same time as did divergence to give the various known subclusters (95) . Limited sequence similarity between odd-and even-numbered spanners suggests that the two-spanner-encoding primordial gene may have arisen from a very small one-spanner-encoding gene by duplication, but the observed Voltage-sensitive ion channels. Nerve and muscle cells of higher eukaryotes possess homologous proteins that form either ligand-gated or voltage-sensitive ion channels (11, 75, 100) . The latter group includes cation channels specific for Na+, Ca2+, or K+ (12, 114, 117, 202, 217) . Voltage-sensitive ion channels are believed to exist in plants, in lower singlecelled eukaryotes such as yeasts and Paramecium species, and in eubacteria such as E. coli (185, 189, 212, 213) . However, the genes encoding microbial channel proteins have not yet been sequenced, and their relationships to the well-defined ion channels of animal nerve and muscle cells are therefore not clear.
Proteins which form the voltage-sensitive channels that facilitate Na+ or Ca2+ transport in nerves and muscle tissues consist of single polypeptide chains of about 2,000 amino acyl residues. Each one of most of these channel proteins contains four homologous internal repeats (I to IV) of about 300 residues, which are strikingly similar in sequence (percent sequence identity commonly of about 50%). Each of the four repeated domains contains six presumed o-helical transmembrane segments (Table 2 ). There is no evidence for repeat sequences within any of these internal repeats, suggesting that these proteins evolved independently of the MIP channel proteins and the mitochondrial carriers. Intragenic quadruplication events (actually two duplication events) (75) must have given rise to the large polypeptide chain of each such channel protein, which is about four times larger than the presumptive primordial protein (Fig. 8) (75, 95b) .
The voltage-sensitive K+ channels are sufficiently similar in sequence to the Na+ and Ca2+ channels to establish homology, but they differ from the latter proteins in being homotetramers in which each subunit corresponds to one of the four internal repeats of the Na+ or Ca2+ channels (Table 2) (75, 114, 117, 202) . The degree of sequence identity between the K+ channels and either the Na+ or the Ca2+ channels is frequently only about 20%, showing that K+ channels diverged from Na+ and Ca2+ channels long before the two tandem duplication events that gave rise to the large polypeptide chains encompassing the four repeat units referred to above. Possibly the primordial Na+ and Ca2+ channels were once homotetramers resembling current-day K+ channels. It is reasonable to presume that monomeric proteins were the evolutionary precursors of these tetramers and that oligomerization arose to allow cooperativity or sensitivity to regulatory agents. Intragenic tandem quadruplication may subsequently have occurred to allow fine control over channel function. It has been suggested that Na+ channels arose from primitive Ca2+ channels, thus explaining the striking sequence similarity of all sequenced Na+ channels, their high degree of sequence similarity with Ca2+ channels, and the fact that a few sequenced Ca2+ channels apparently have only two rather than four repeat units (75, 95b) .
RELATIVE DEGREES OF CONSERVATION IN DIFFERENT PORTIONS OF TRANSPORT PROTEINS
Several studies have attempted to evaluate the relative degrees of conservation found within different portions of the proteins which make up the various families of transport proteins described in the previous sections. Thus, when the two-domain periplasmic solute-binding receptors of the ABC transporters are analyzed, it is found that for all eight characterized families of these proteins, the N-terminal domains are more strongly conserved than the C-terminal domains (208) . Similarly, the N-terminal repeat of the three repeat segments in the MCF is most strongly conserved (95), as is the Nterminal repeat of the two repeat segments in the MIP family (155) , at least when dissimilar members of these families are examined. Interestingly, when closely related members (e.g., members of a single cluster of the MIP family or the MCF exhibiting the same or similar specificities) were examined, this generalization did not always hold.
The same has been noted when proteins in different clusters of the phylogenetic tree for the MFS were compared (109) . The most striking regions of sequence similarity were always found in the N-terminal halves of these proteins, and wellconserved sequence motifs found in both the first and second halves of these proteins were more strongly conserved in the N-terminal domains (109) . However, as for the MIP family and the MCF, within specific clusters of the phylogenetic trees of the MFS this preferential conservation of the N-terminal segments was not always observed. Thts, the C-terminal domains may preferentially serve cluster-specific functions whereas the N-terminal domains preferentially serve familyspecific functions. Exactly what these functions are remains to be determined. It is possible that the N-terminal domains are more important for energy coupling, membrane insertion, and/or proper structural maintenance, whereas C-terminal domains are more important for specificity determination. Relevant to this point, the N-terminal part of the melibiose permease of E. coli has been implicated in Na+ coupling to sugar transport (140, 255) . The melibiose:Na+ or melibiose:H+ symporters of enteric bacteria are not demonstrably homologous to members of the MFS, but they are homologous to H+:lactose symporters of gram-positive bacteria (136, 137) , and they exhibit structural and mechanistic features as well as sequence motifs similar to those of MFS permeases (see references 17, 23, 156 , and 160 for comparisons of the melibiose and lactose permeases of E. coli).
Examination of some nontransport protein families has also revealed greater conservation of N-terminal domains than of C-terminal domains. For example, proteins of the fimbrial chaperone family 2, whose constituent members are large 86 SAIER on November 2, 2017 by guest http://mmbr.asm.org/ Downloaded from proteins of over 800 amino acyl residues, exhibit greatest conservation in their N-terminal domains (222) . It may be that for these proteins as well as for the periplasmic receptors and transport proteins discussed above, the N-terminal regions of these families exhibit greatest sequence similarity because they share a requisite functional, structural, or biogenic feature that can be provided only by the N-terminal domain(s). The general feature of N-terminal conservation noted above for several classes of transport, receptor and chaperone proteins is not always observed. For example, in the small RND family of presumed porters (Tables 1 and 2 ; see above), the C-terminal domains are more strongly conserved than are the N-terminal domains (180) . In this case, the C-terminal, transmembrane, hydrophobic regions are most strongly conserved.
CONCLUSIONS
Transport proteins translocate their solutes either by channel-type mechanisms or by carrier-type mechanisms, and a close relationship between these two kinetically distinguishable types of transport mechanisms has been postulated (126, 168, 169) . A preformed channel may be a structural requirement for carrier-mediated transport. Introduction of specific residues in the channel, allowing for stereospecific solute recognition as well as conformational vacillation between two alternative states, with the solute-binding site alternating between orientations facing inward versus outward, may be all that is required to convert a channel into a carrier (126) .
The unit hydrophobic domain of the constituent members of many families of transport proteins apparently exhibits a characteristic pattern of six tightly clustered transmembrane helical segments with both the amino and carboxy termini localized to the cytoplasmic surface of the membrane (Table  2 ). This distinctive structural feature, as well as recognition of the fact that this pattern evolved independently many times during evolutionary history to give transport proteins of the channel or carrier type, leads to the possibility that such a structural motif is particularly well suited for the formation of transmembrane solute channels. Three-dimensional analysis is required to reveal the precise reasons for the suitability of six spanner units for the construction of transport proteins.
Although several distinct (and currently unrelated) ancient families of transporters, such as the MFS, the APC family, the SSF, the ABC family, and most PTS permeases, may eventually prove to be related by common descent despite their sequence divergence, it is clear that others are not. Thus, voltagesensitive ion channels of nerve and muscle cells, the MCF, the RND family, the MIP family, and the MFS clearly arose independently of each other, at different times in evolutionary history, in different cell types, using different routes. It is therefore suggested that a three-dimensional transmembrane structure consisting of six parallel a-helices is particularly well suited to transmembrane channel formation. Such constraints could account both for the retention of this structural motif during evolutionary divergence of homologous transport proteins and for apparent structural convergence of evolutionarily unrelated transport proteins to give distinct families of proteins possessing similar topologies.
Functional and structural as well as evolutionary aspects of transport proteins have been revealed by computer analyses that would have been all but impossible without them. First, it is clear that substrate specificity within any one family (or superfamily) of porters correlates to a remarkable degree with sequence conservation. This generalization appears valid for functionally diverse proteins with a range of specificities from simple ions, sugars, amino acids, and drugs to oligosaccharides and peptides and on up to complex carbohydrates, proteins, and lipophilic substances. The nature of the protein (be it a cytoplasmic, integral membrane, or extracellular constituent of the cell) seems to be immaterial to the conclusion that the degree of sequence relatedness generally correlates with the degree of functional similarity, particularly regarding solutebinding specificity.
Second, functionally and structurally important regions in proteins can be identified on the basis of sequence comparisons for members of homologous families, provided that these functional and structural features are common to the different members of the family. These regions can be identified on the basis of sequence conservation. The nature of the residues conserved within a specific region of a family of proteins may provide hints about whether a region of conservation plays a structural or a functional role, and specific, currently recognized motifs, if present, can provide clear indications of function. In most cases, however, site-specific mutagenic and biochemical analyses are required to establish the specific function involved.
Third, topological and secondary-structure predictions can be made with a remarkable degree of reliability solely on the basis of computer-aided methods. Thus, a-structure, P-structure, p-turns, oa-helical transmembrane spanners, cytoplasmic sidedness, etc., can be predicted with ever-increasing reliability, particularly when a set of homologous proteins is analyzed. The utility of these methods is of particular importance since the three-dimensional structures of very few transport proteins (and none of the ones which form the focus of our discussion here) have been elucidated.
Fourth, identification of AP-rich, Q-rich, and highly charged linkers, as well as other regions of polypeptide flexibility, serves to delimit independently folding polypeptide domains in multidomain proteins. When several homologous proteins are available, the occurrence of gaps in the multiple alignment of these proteins further substantiates predictions regarding the presence of flexible linkers. Use of homology with other (possibly shuffled) multidomain proteins provides a confirming but independent computer-aided method to define structural domains.
Finally, primary sequence determines subcellular localization in both prokaryotes and eukaryotes. N-terminal leader sequences of hydrophobic and amphipathic character have been discussed in this review, but C-terminal and internal targeting motifs are also important, particularly in eukaryotes. Thus, the identification of specific types of targeting sequences and their cleavage sites (or the absence of these sequences) provides useful information which indirectly relates both to structure and function.
We have seen that computer applications have greatly enhanced our understanding of the structural, functional, biogenic, and evolutionary aspects of transport protein families. Elucidation of the detailed three-dimensional structures of transmembrane transport proteins and thus of their common and divergent structural features will ultimately be required to fully define these relationships. In the meantime, further application of currently available computer programs, refinement of these programs, and development of entirely new programs will undoubtedly allow us to draw an increasingly detailed picture of these remarkably varied proteins. 
